Introduction
Despite intensive induction and postremission chemotherapy, 5-year event-free survival (EFS) of children with acute myeloid leukemia (AML) is only 40% to 50%. 1 Bone marrow transplantation (BMT) from HLA-matched sibling donors is associated with lower relapse risk and superior overall survival (OS) compared with other types of postremission therapy, including consolidation therapy, maintenance chemotherapy, and autologous BMT. 2, 3 Since only 15% to 20% of children with AML have suitable related donors, other strategies are necessary to improve overall survival. 4, 5 Several adult and pediatric studies explored the benefits of modifying induction therapy in AML. Some included substituting idarubicin or mitoxantrone for daunorubicin, [6] [7] [8] [9] increasing the dose or duration of cytarabine, [10] [11] [12] and administering the second course of induction chemotherapy on days 10 to 14. 13, 14 The latter approach is referred to as timed sequential therapy and theoretically may recruit residual leukemic cells into cell cycle, making them more susceptible to cytarabine and other cell-cycle-specific agents. High cytarabine dosage (Ͼ 1 g/m 2 /dose) during induction and timed sequential therapy have increased remission duration but have not improved complete remission rate. 10, 11 Optimal cytarabine dose has not been determined, and a number of nonrandomized studies suggest that dose escalation improves efficacy. 2 Other recent approaches have focused on preventing emergence of drug-resistant leukemia cells.
Drug resistance is a major obstacle to effective AML treatment.
Resistance of AML and many other human cancers to certain chemotherapeutic agents is multifactorial, but one mechanism may be overexpression of multidrug transporters that contain an adenosine triphosphate-binding cassette (ABC transporters). 15, 16 Of these multidrug transporters, P-glycoprotein (P-gp), which is encoded by multidrug resistance (MDR1, ABCB1) gene (localized to 7q21), is a mediator of anthracycline efflux and has been investigated most extensively in patients with AML. Increased P-gp may cause initial and acquired drug resistance. CsA is a potent inhibitor of P-gp-mediated drug efflux in vitro. CsA concentrations of 1000 to 2000 ng/mL, which reverse the effects of P-gp in vitro, are readily achievable with short-term intravenous administration in adult patients and cause acceptable toxicity. 17 Overexpression of P-gp is relatively frequent in adults with AML at diagnosis and especially at relapse. 18, 19 In several studies of AML in adults, complete remission (CR) rates were significantly lower among patients with overexpression of MDR1/P-gp than those without. However, interpretation of clinical data has been hampered by variation in methods of measuring relative levels of P-gp expression and lack of concurrent assays of drug efflux. Preliminary evaluations of P-gp overexpression in children with AML have revealed that incidence is lower in children than in adults. 20 In a phase 2 study, the Pediatric Oncology Group (POG, now part of Children's Oncology Group [COG] ) evaluated the toxicity of the MDR1 modulator CsA administered in conjunction with mitoxantrone and etoposide. 21 This phase 2 study demonstrated that simultaneous treatment with mitoxantrone, etoposide, and high doses of CsA can be incorporated into antileukemia therapy with manageable nonhematologic toxicity.
In 1994, POG initiated the first prospective randomized study in children with AML (POG 9421) to determine whether EFS improved with intensification of induction therapy with high-dose Ara-C and addition of CsA, an MDR1-modulating agent, in consolidation therapy. In this manuscript we describe the primary results of the POG 9421 AML study.
Patients and methods

Patient eligibility
POG 9421 was open for enrollment from February 15, 1995 , until August 15, 1999 . Eligibility criteria included age younger than 21 years and de novo AML confirmed by analysis of bone marrow aspirates, biopsy, or both. De novo AML was characterized by increased nonlymphoid bone marrow blasts (Ͼ 30%). Patients with more than 5% but less than 30% marrow blasts were eligible if they had karyotypic abnormalities typical of AML, for example, t(8;21) or inv (16) or myelofibrosis with unequivocal megakaryoblasts (French-American British [FAB] M7). Patients were ineligible if they had therapy-related AML, a prior diagnosis of myelodysplastic syndrome, or acute promyelocytic leukemia (FAB M3) diagnosed on the basis of morphology, or were subsequently found to have a t(15;17) translocation detected by cytogenetic methods. Patients with AML of any other FAB subtype (M0 to M7) were eligible. Patients with AML and Down syndrome (DS) were required to be registered on POG 9481 (a study of AML biology in patients with DS) to be eligible for 9421.
Patients, family members, or both, as appropriate, gave written informed consent before enrollment. The protocol was approved at each participating center by its institutional review board. The study was evaluated at regular intervals by a data-monitoring committee.
Registration and randomization
Patients were registered by telephone or computer before therapy began. Exceptions were patients who received emergency local irradiation for symptomatic central nervous system (CNS) disease or underwent apheresis for hyperleukocytosis (Ͼ 100 ϫ 10 9 white blood cells [WBCs]/L). Patients were assigned based on FAB subtype to stratified treatment groups. Treatment regimens for induction and consolidation are shown in Figure 1 .
At registration, assignments were randomized for induction treatment (standard-dose cytarabine [Ara-C]) combined with daunomycin and thioguanine (DAT) versus high-dose Ara-C and daunomycin and thioguanine (HDAT) and consolidation therapy (with or without CsA). Patients with DS were assigned to the group that did not receive CsA during consolidation (treatment 5). Treatment arms are defined in Table 1 .
Treatment plan
Induction therapy. Patients who were assigned randomly to standard DAT therapy (treatments 1, 2, and 5) received Ara-C (100 mg/m 2 per day) by continuous infusion for 7 consecutive days (total, 168 hours); daunorubicin (45 mg/m 2 per day) by intravenous infusion over 15 minutes on days 1 through 3; and thioguanine (100 mg/m 2 per day) orally for 7 days. Patients assigned randomly to HDAT group (treatments 3 and 4) received identical doses of daunorubicin and thioguanine, but Ara-C (1 g/m 2 per dose) was administered as a 1-hour infusion every 12 hours for 7 consecutive days. Dexamethasone eye drops were given 4 times daily for 10 days during HDAT induction.
All patients underwent bone marrow aspiration and biopsy on day 15 of initial induction therapy. For patients with hypoplastic marrow (Յ 20% cellularity) and evidence of clearance of leukemic cells (Յ 10% blasts), the second course of induction was delayed until there was recovery of peripheral blood cell counts (absolute neutrophil counts [ANCs] Ͼ 0.5 ϫ 10 9 /L [500/L], platelet counts Ͼ 75 ϫ 10 9 /L [75 000/L]). If recovery was delayed, BM aspiration was repeated at day 28 and weekly until there was recovery of peripheral blood cell counts or evidence of residual leukemia.
Patients with evidence of residual leukemia at day 15 (Ͼ 20% cellularity detected by biopsy, Ͼ 10% blasts) began the second course of induction therapy at that time.
Induction 2. All patients were given identical second induction courses (treatments 1-5): Ara-C (1 g/m 2 ) was administered as a 1-hour infusion every 12 hours for 5 days, and dexamethasone eye drops also were given. All patients underwent BM aspiration and biopsy on day 22 of induction 2. Patients whose AML was in remission (Յ 5% blasts or M2A marrow [ie, 5%-15% blasts]) proceeded to consolidation therapy or BMT. Those with residual leukemia (Ͼ 25% blasts) were considered induction failures and removed from the study. Patients with hypocellular bone marrow were evaluated weekly until they attained remission status or showed signs of residual leukemia. Patients and family members underwent HLA typing during induction therapy. Patients without DS and with a related donor who matched for 5 of 6 or 6 of 6 antigens were to undergo BMT by protocol. All other patients whose AML was in remission proceeded to consolidation therapy selected during initial randomization.
CNS therapy during induction
All patients underwent diagnostic lumbar puncture at diagnosis, and those who received standard DAT therapy received Ara-C (40 mg/m 2 ) intrathecally on day 1 of induction 1. Patients assigned to HDAT therapy did not receive intrathecal Ara-C during inductions 1 and 2 because of concern for CNS toxicity. All patients with CNS disease (cerebrospinal fluid [CSF] WBCs Ͼ 5/L, blasts on cytospin) received intrathecal Ara-C (40 mg/m 2 ) 7 days after completion of inductions 1 and 2, regardless of absolute neutrophil count (ANC). Patients with symptomatic CNS disease were only.
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Infant dosing correction
Infants younger than 12 months had their chemotherapy doses modified throughout all phases of the protocol, but CsA doses were not modified. The following formula was used to convert doses based on body surface area to those based on mass in kilograms: (mass ϫ dose based on body surface area) Ϭ 30 ϭ infant dose.
Consolidation therapy
Patients without matched-related donors received 3 courses of consolidation chemotherapy. Assignment to consolidation (consolidation 1 and 3, respectively) was accomplished by 2 ϫ 2 randomization at initial diagnosis, with stratified randomization between standard and CsA-containing arms. Consolidation course 2 was the same for all patients. Each consolidation course began when ANC was more than 0.5 ϫ 10 9 /L (500/L) and the platelet count was more than 75 ϫ 10 9 /L (75 000/L).
Consolidations 1 and 3
Patients assigned randomly to treatment arms 1, 3, or 5 received etoposide (100 mg/m 2 ) as a daily 1-hour infusion for 5 days, mitoxantrone (10 mg/m 2 ) as a daily 30-minute infusion on days 1 through 4, and Ara-C (40 mg/m 2 ) intrathecally on day 1. With appropriate hydration and antiemetic therapy, this treatment was administered on an outpatient basis in some cases.
Patients assigned randomly to treatment arms 2 or 4 received continuousinfusion CsA with modified doses of etoposide (60 mg/m 2 per day) given by 1-hour infusion for 5 days and mitoxantrone (6 mg/m 2 daily) as daily 30-minute infusion on days 1 through 4. These doses were 60% of the standard dose based on pharmacokinetic data that demonstrated clearance of etoposide and mitoxantrone was delayed by 40% when both agents were administered with high doses of CsA. Administration of etoposide and mitoxantrone at 60% of standard doses with CsA was expected to result in drug exposure and myelotoxicity similar to that observed when standard doses of the 2 are given without an MDR1-modulating agent. 22, 23 Patients assigned randomly to treatment arms 2 or 4 (CsA therapy) required hospitalization. CsA administration was initiated 2 hours before first chemotherapy dose. This bolus loading dose of CsA was 10 mg/kg given over 2 hours, and a subsequent continuous infusion of 30 mg/kg per day for a total of 98 hours followed (total, 100 hours of CsA administration). The goal was to achieve a steady-state serum or whole-blood concentration that was 2.5 to 4.0 M CsA (3000-5000 ng/mL). Blood for use in analyzing CsA concentration was collected from a site that was distant from that used for infusion at 14, 26, 38, 50, 74, and 98 hours after the start of CsA infusion. Doses of CsA were modified on the basis of concentrations in serum or whole blood. For levels more than 5000 ng/mL, infusion was discontinued until the concentration was less than 5000 ng/mL and then re-started at a 25% reduction in dose; if CsA concentration was less than 3000 ng/mL, infusion dose was increased by 25% increments until concentration was between 3000 and 5000 ng/mL. Chemotherapy administration was not delayed because of variation in CsA concentrations.
Consolidation 2
All patients received consolidation 2, which was identical to induction 2.
Allogeneic BMT
As described in the protocol, patients with HLA-matched (6 of 6 antigens or 5 of 6 antigens) related donors were allocated to allogeneic BMT. The conditioning regimen included total body irradiation (TBI) and etoposide. TBI was administered on days Ϫ 7 to Ϫ 4 (day 0 was the day of bone marrow infusion). TBI was to be given in 8 fractions of 150 cGy per fraction (total dose, 1200 cGy). Etoposide (60 mg/kg) was administered as a single 4-hour infusion on day Ϫ 3. To prevent graft-versus-host disease (GVHD), CsA was begun on day Ϫ 2, and levels were measured to maintain trough levels of 250 to 300 ng/mL. Four doses of intravenous methotrexate 15 mg/m 2 on day ϩ1 and 10 mg/m 2 on days 3, 6 and 11 were administered in a standard fashion to all transplant recipients.
Required observations
Bone marrow aspirations were studied centrally to assess cell morphology, immunophenotype, and cytogenetic features (D.H., F.B., and S.R., respectively; St Jude Children's Research Hospital, Memphis, TN). Data pertaining to treatment toxicity were collected prospectively. Patients with CNS toxicity higher than grade 3 from treatment with high-dose Ara-C were removed from study.
Bone marrow samples, peripheral blood samples, or both were evaluated to determine the drug-resistance phenotype. After informed consent was obtained from participants, samples were collected at local institutions, diluted in an equal volume of RPMI-1640 medium, and transported at room temperature by overnight courier to the MDR1/drug-resistance reference laboratory (Y.R.; Wayne State University, Detroit, MI). Mononuclear cells were separated from other cells by centrifugation on ficoll-hypaque gradients and resuspended in RPMI-1640 medium containing 20% dialyzed fetal bovine serum and insulin, transferrin, and selenite. Surface expression of P-gp was measured by flow cytometry using monoclonal antibodies to this protein (MRK16 and 4E3, the latter a gift from R.J.A., Johns Hopkins University, Baltimore, MD). Early in the study, incubation with the MRK16 and 4E3 antibodies was done at 0°C. In early 1996, it became apparent that antibody-binding affinity was better at room temperature. 24 This change in protocol was adapted in April 1996. Other changes in the protocol included the use of phycoerythrin instead of fluorescein isothiocyanate in the P-gp expression studies using MRK16. 25 The samples that were initially tested at 0°C with fluorescein isothiocyanate-conjugated antibody were retested with phycoerythrin-conjugated antibodies at room temperature. Functional MDR was measured by flow cytometry analyzing rhodamine123 (R123) and daunorubicin uptake and accumulation in the presence or absence of CsA. [24] [25] [26] For this report P-gp positivity was defined as the presence of more than 5% MRK16-stained cells ("Discussion" under "MDR1 expression and functional drug efflux").
Statistical analysis
EFS is defined as the time from randomization to treatment failure (relapse, second malignancy, or remission failure) or death. DFS is defined as the time from the date that remission was first observed to treatment failure or death.
It was necessary to randomly assign to arms 1 to 4 at least 560 patients without DS to achieve a power of 80% at the 1-sided significance level of 0.05, to detect a difference of 10% (35% versus 45%) in EFS probability 2 years after the random assignment of patients to HDAT induction therapy and to standard-dose DAT induction therapy. With the designated sample size of 560 and a power of 80% at the 1-sided significance level of 0.05, we were able to detect a difference of 13% (45% vs 58%) in DFS at 2 years after the start of remission between patients who received consolidation with CsA and patients who received no CsA. Also, the sample of 560 patients allowed us, with more than 80% power at the 1-sided 0.05 significance level, to detect a difference of 8% (80% versus 88%) in remission rate between patients who received HDAT and patients who received standard-dose DAT.
Actuarial curves showing EFS probability, DFS, and OS probability were constructed according to the Kaplan-Meier method. 27 Findings with respect to EFS probability, DFS, and OS probability were tested for significance by the log-rank test. 28 The difference in remission rate was tested by the chi-square test. All reported P values are 2-sided. DAT indicates daunomycin, Ara-C, and thioguanine; HDAT, high-dose Ara-C, daunorubicin, and thioguanine; CsA, cyclosporin A.
Results
Patient characteristics
Over 4.5 years (February 15, 1995, to August 15, 1999) , 654 patients with AML were registered. Thirty-two were ineligible: 20 had incorrect diagnoses, 4 DS patients were mistakenly assigned to treatment arms 1 through 4, 4 DS patients were not registered on the required companion biology study, POG 9481, 3 were registered incorrectly or were not included because of an administrative error, and one received hydroxyurea therapy before the protocol treatment was given. Of 622 eligible patients, 57 with DS were assigned nonrandomly to treatment 5. At registration, 565 AML patients without DS were assigned randomly to 4 treatment arms: 145 to treatment 1; 139 to treatment 2; 138 to treatment 3; and 143 to treatment 4 ( Figure 2 ). The 4 randomized groups had similar distributions of clinical, racial or ethnic, morphologic, and cytogenetic features (Table 2) , except for a slight difference in WBC count.
Of 565 eligible, randomly assigned patients, 361 (64%) were white, 81 (14%) were black, 86 (15%) were Hispanic, and 37 (7%) were from other racial or ethnic groups. Eighty-three patients without DS but with HLA-matched related donors were allocated to BMT. Additionally, 19 patients randomly assigned to chemotherapy only received a "nonprotocol" BMT, which was on a local institutional protocol or one in which the source was a matched unrelated or cord blood donor.
MDR1 expression and functional drug efflux
Of 565 eligible patients without DS, expression of MDR1 was tested in 447 (79%) and not tested in 118 (21%). These 2 groups of patients had balanced race, sex, and cytogenetic abnormalities. However, the MDR1-tested patients were imbalanced in age (tended to be older, P ϭ .01), WBCs (tended to have higher WBC count, P Ͻ .001), and slightly FAB imbalanced, (P ϭ .042). Comparisons of results in samples evaluated at 40°C and at room temperature revealed more intense staining with phycoerythrin at room temperature. Figure 3A , and when compared with percent expression of MRK16, a tight correlation was noted (r ϭ 0.952; Figure 3B ), consistent with the earlier observations of Leith et al. 30 Therefore, MDR1 is reported here as percent cells expressing MRK16; given the low frequency of surface expression of MDR1 noted in this study, we elected to describe the results in increments of 5 percentage points 31 . Thus, high expression of MDR1 (Ͼ 10%) was infrequent in the population studied. For meaningful comparisons of frequencies between treatment arms any expression higher than 5% was taken as positive.
Induction response
Of 622 eligible patients, responses of 560 patients to induction therapy were evaluable (excluding 57 with DS and 5 who withdrew during induction; Figure 2 ). Of 282 evaluable patients randomly assigned to and who received standard-dose DAT, 248 (87.9%) experienced remission, and 253 (91.0%) of 278 evaluable patients randomly assigned to and who received HDAT experienced remission (P ϭ .23). Fifty-nine children (10.5%) did not achieve remission: 14 (2.5%) with early death (Ͻ 2 weeks from start of therapy) from complications of leukemia or therapy (infection or hemorrhage), and 45 (8.0%) secondary to persistent leukemia. There was no significant difference in early death rate between induction regimens. Of 501 patients who achieved remission and went on to their randomly assigned consolidation therapy (Table 3) , 26 had M2A marrow (between 5% and 15% blasts), and the remainder had M1 (Ͻ 5% blasts). Overall, 71% of patients who attained remission did so after Induction 1 in either the standarddose DAT or the HDAT groups.
Toxicity associated with induction therapy
The predominant toxicity during induction therapy was myelosuppression. More than 90% of patients who received either induction regimen experienced grade 4 neutropenia and required continuous hospitalization throughout induction therapy or readmission for fever and presumed infection associated with neutropenia. Bacteremia or sepsis was documented for 62 (22%) of the 282 patients who received standarddose DAT and for 78 (28%) of the 278 who received HDAT (P ϭ .10). There were 14 patients (5%) with documented fungal infection in each arm. Seven patients in each arm had grade 2 to 4 CNS toxicity. There was only one report of cerebellar ataxia associated with HDAT induction.
Postremission phase
For all eligible patients without DS (n ϭ 565), EFS and OS estimates at 3 years after randomization were (36.3% Ϯ 2.2%) and (53.6% Ϯ 2.2%), respectively ( Figure 4 ). The estimates of 3-year EFS for patients randomly assigned to receive standard-dose DAT (n ϭ 284) and for patients randomly assigned to receive HDAT (n ϭ 281) were 35.2% Ϯ 3.0% and 40.1% Ϯ 3.2%, respectively ( Figure 5) . The difference was not statistically significant (P ϭ .28). When the 83 patients who underwent protocol-directed BMTs were excluded, DFS estimates 3 years after remission were 33.9% Ϯ 3.5% for patients randomly assigned to receive no CsA (n ϭ 209) and 40.6% Ϯ 3.6% for those randomly assigned to receive CsA (n ϭ 209, P ϭ .24) (Figure 6 ). Of interest, 19 patients received a nonprotocol BMT, 7 of the 209 assigned to no CsA and 12 among the 209 assigned to CsA.
The 4 randomized treatment arms were analyzed individually. Excluding patients who underwent protocol-specified allogeneic BMT, the 3-year EFS estimate for patients assigned to treatment arms 1 to 4 was 22% Ϯ 3.8%, 36.9% Ϯ 4.8%, 35.4% Ϯ 4.6%, and 36.2% Ϯ 4.7%, respectively. When the EFS in arm 4 (HDAT, CsA) was compared to that of arm 1 (DAT, no CsA), the P value ϭ .08 ( Figure 7) . The 3-year DFS estimate for patients in treatment arm 1 was 27.2% Ϯ 4.6%, but estimates for patients in treatment arms 2, 3, and 4 were 41.1% Ϯ 5.2%, 40.5% Ϯ 5.1%, and 40.2% Ϯ 5%, respectively. The 3-year OS estimates were 53.6% Ϯ 2.2% for all patients who underwent randomized assignment, and 67.3% Ϯ 5.2% for those who underwent protocol-specified allogeneic BMT. The 3-year OS estimated by randomized treatment regimen is seen in Figure 8 .
Patients with AML and DS treated with DAT and consolidation without CsA had an excellent outcome with a 3-year EFS of 78.7% Ϯ 5.6% and DFS of 83% Ϯ 5.3%. (17) 18 (13) 20 (14) 19 (13) 81 (14) Hispanic 18 (12) 20 (14) 22 (16) 26 (18) 86 (15) Other 6 (4) 13 (9) 11 (8) 7 (5) 37 (7) Sex, no. (%) 
Age, no. (%)
Younger than 2 32 (22) 33 (24) 29 (21) 24 (17) 118 (21) 2 or older 113 (78) 106 (76) 109 (79) 119 (83) 447 (79) Initial WBCs, no. (%)
Fewer than 15 ϫ 10 9 /L 68 (47) 70 (50) 44 (32) 47 (33) 229 (41) 15-24 ϫ 10 9 /L 14 (10) 13 (9) 22 (16) 18 (13) 67 (12) 25-49 ϫ 10 9 /L 17 (12) 16 (12) 20 (14) 22 (15) 75 (13) 50 or more ϫ 10 9 /L 46 (32) 40 (29) 52 (38) 56 (39) 194 (34) FAB classification, no. (%)
M0
5 (3) 3 (2) 6 (4) 11 (8) 25 (4) M1 20 (14) 29 (21) 25 (18) 28 (20) 102 (18) M2 37 (26) 34 (24) 40 (29) 37 (26) 148 (26) M4 21 (14) 19 (14) 27 (20) 24 (17) 91 (16) M5 35 (24) 27 (19) 25 (18) 26 (18) 113 (20) M6 5 (3) 1 (1) 1 (1) 1 (1) 8 (1) M7 10 (7) 16 (12) 12 (9) 11 (8) 49 (9) Granulocytic sarcoma 1 (1) 2 (1) 1 (1) 1 (1) 5 (1) Other 11 (8) 8 (6) 1 (1) 4 (3) 24 (4) 
Karyotype, no. (%)
Normal 31 (21) 36 (26) 38 (28) 39 (27) 144 (25) t(8;21) 14 (10) 17 (12) 16 (12) 12 (8) 59 (10) inv (16) 10 (7) 6 (4) 9 (6) 13 (9) 38 (7) 11q23 abnormalities 18 (12) 27 (19) 19 (14) 20 (14) 84 ( 
Toxicity associated with consolidation therapy
Myelosuppression was severe: more than 90% of evaluable patients randomly assigned to receive either consolidation regimen experienced grade 4 neutropenia and thrombocytopenia. Of 173 in treatment arms 1 and 3 (no CsA), 76 (44%) experienced bacteremia or sepsis; 63 (38%) of 164 patients in treatment arms 2 and 4 (with CsA) also experienced this effect. However, CsA therapy was associated more frequently with hyperbilirubinemia, stomatitis, renal impairment, and hypertension. Hyperbilirubinemia was temporally related to CsA administration and resolved once CsA infusions stopped in all cases. Six patients assigned to receive CsA did not receive the drug with their final consolidation treatment because of persistent renal insufficiency (n ϭ 2) or allergic reaction (n ϭ 4) associated with their initial course of CsA, etoposide, and mitoxantrone. These 6 patients received the unmodified doses of chemotherapy described in the non-CsA arm of the protocol, and their data were analyzed with respect to their initial randomized treatment.
Cyclosporine concentration
CsA concentrations were monitored at regular intervals during drug administration, and infusion rate was modified when necessary to maintain the CsA concentration between 3000 and 5000 ng/mL. There was a trend toward an age-dependent response to CsA infusion: infants and young children frequently required 1 to 3 increments of 25% in their CsA infusion doses to achieve concentrations higher than 3000 ng/L, whereas teenagers were more likely to require temporary cessation of CsA infusion and resumption at a 25% to 50% lower rate.
Pharmacokinetic analysis
To compare mitoxantrone and etoposide clearance and area under the curve (AUC) between groups, we measured serial concentrations of the 2 drugs in 14 patients assigned to treatment arms 1 or 3 (no CsA) and in 22 patients assigned to treatment arms 2 or 4. The 40% reduction in dose of mitoxantrone and etoposide combined with CsA resulted in a 47% increase in mean AUC for etoposide and 12% increase for mitoxantrone. 31 The proportions of patients who had stomatitis or infection did not significantly differ between the group treated with CsA and the group that received no CsA. Thus, the variability in clearance combined with empiric 40% reduction in dose resulted in statistically similar systemic exposure and toxicity.
Bone marrow transplantation
Patients with an HLA-matched related donor underwent allogeneic BMT with protocol-directed therapy after they had recovered from induction 2 and before they received consolidation chemotherapy. Eighty-three patients underwent allogeneic BMT prescribed by the protocol. The 3-year remission duration estimate for patients who underwent BMT was 67.3% Ϯ 5.2%, whereas that for 418 other patients who received consolidation with chemotherapy was only 37.2% Ϯ 2.5% (P Ͻ .001). There was no significant effect of induction on outcome of BMT (P ϭ .40) when DFS of BMT patients who received DAT (n ϭ 39) was compared to that of BMT patients who received HDAT (n ϭ 44); P ϭ .38 for OS (Figure 9) .
Of 83 BMT patients, 29 had adverse events: 10 (12%) died during remission (6 within 100 days after BMT), 18 (21%) had recurrence of leukemia, and one had a second malignancy (non-Hodgkin lymphoma).
Of the 209 patients who achieved remission after standard-dose DAT as induction therapy and did not undergo protocol BMT (although 12 nonprotocol BMTs were performed), 101 died, 37 relapsed, and 71 were in continuous complete remission (CCR). Similarly, of the 209 patients who achieved remission after HDAT induction therapy and did not undergo protocol-directed BMT, 99 died (7 had nonprotocol BMT), 23 relapsed, and 87 were in CCR. The 19 patients who received nonprotocol BMT were included for analysis by the intent-to-treat principle.
Discussion
Overall survival among several large pediatric AML studies of this era (CCG-2891, 5 54%; BFM 93, 7 60%, and MRC AML 10, 32 56%) find as in this study that more than 50% of AML patients can be cured. It is noteworthy that in our study the overall survival does not include children with acute promyelocytic leukemia or Down syndrome, patients known to have a favorable outcome. In this study, a 2-by-2 factorial design was used to determine whether intensifying initial induction by using high-dose cytarabine could increase remission rates and EFS and whether remission duration could be increased by addition of CsA to consolidation. The decision to test P-gp modulation during consolidation rather than during induction was based on the prevailing notion at the time that emergence of resistance to anthracyclines may be a risk factor for relapse and the lack of published adult trials of safety and efficacy of the use of inhibitors of P-gp during induction (especially in combination with high-dose Ara-C). In this study the doses of chemotherapy were reduced in the experimental arm due to anticipated delayed elimination of the targeted drugs and the desire to keep AUCs equivalent in both arms. The potential advantage of CsA was hypothesized to be sensitization of the subpopulation of P-gp-positive leukemic blasts. Only 14% of the study population was identified as P-gp positive even using the liberal criterion of 5% MRK16 positivity. There was no significant difference in outcome for the P-gp-positive patients among the 4 treatment arms. Enrollment was set to detect a 10% difference in 2-year EFS from intensification of induction and a 13% difference in 2-year DFS from MDR1 modulation during consolidation. Randomization was not dependent on pretreatment MDR1 expression. Patients in both induction arms achieved excellent remission rates. The CR rate after course 2 of induction was 87.9% for DAT and 91.0% for HDAT (P ϭ .23). No significant differences were noted in CR rate after induction course 1 with standard or high-dose Ara-C. The early death rate of 2.5% was low compared with other recent trials. 5 The EFS of patients who received HDAT was slightly better than that of DAT, but the difference was not statistically significant (3-year EFS, 40.1% for HDAT, 35.2% for DAT, P ϭ .28). It is possible that Ara-C at a dosage of 1 g/m 2 every 12 hours for 5 days in the second induction cycle for all patients may have minimized potential differences in response rates and EFS of the 2 groups or that 1 gm/m 2 of Ara-C does not provide a therapeutic advantage over standard doses of Ara-C in AML.
Resistance to drug therapy, particularly that mediated by P-gp, is considered one of the obstacles to effective AML therapy. Although MDR1-mediated drug resistance has been well defined in adults, its incidence and impact on therapy had not been studied in a large cohort of untreated de novo childhood AML patients. Therefore, we prospectively evaluated the effect of a noncytotoxic MDR-reversal agent, CsA, to determine its impact on the DFS of patients who had remissions. Patients who received CsAhad a 3-year DFS estimate of 40.6% Ϯ 3.6%, compared with 33.9% Ϯ 3.5% for those who did not, but this trend did (15) 18 (17) 15 (14) 17 (16) 15 (15) 65 (16) 9 (11) Hispanic 77 (15) 14 (14) 16 (15) 17 (16) 18 (17) 65 (16) 12 (14) Other 33 (7) 5 (5) 10 (9) 9 (8) 5 (5) 29 (7) (9) 19 (18) 15 (15) 52 (12) 10 (12) 25-49 ϫ 10 9 /L 67 (13) 13 (13) 13 (12) 13 (12) 15 (15) 54 (13) (12) 22 (21) 19 (18) 18 (17) 71 (17) 15 (18) M2 135 (27) 28 (27) 22 (21) 28 (26) 26 (25) 104 (25) 31 (37) M4 82 (16) 17 (17) 15 (14) 21 (20) 20 (19) 73 (17) 9 (11) M5 103 (21) 26 (25) 20 (19) 23 (22) 17 (17) 86 (21) 17 (20)
M7 44 (9) 7 (7) 15 (14) 8 (8) 9 (9) 39 (9) only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From not achieve the designed statistical significance (P ϭ .24). There are several potential reasons for the lack of a significant effect of MDR1 modulation in this study: (1) patients were not selected for randomization based on their MDR1 expression or functional efflux; (2) the study was powered to detect a 13% difference; thus, the sample is too small to permit detection of the 6% difference observed; (3) the MDR modulating drug was not started early enough (ie, during induction); (4) emergence of P-gp-overexpressing clones after remission induction is not a major mechanism for relapse 24, 33 ; and (5) MDR1 overexpression in childhood AML is too low to be clinically relevant for the overall population of patients. Expression of MDR as measured by flow cytometry or by drug efflux studies was relatively uncommon in our population (Ͻ 15% of patients when any expression over 5% is considered positive) compared with adult AML patients in whom MDR1 expression has been reported to vary from 30% to 65% of cases at diagnosis 18, 19 ; (6) The dose of CsA and the in vitro concentrations of CsA achieved were not sufficient to completely block drug efflux. There are also other ABC transporters, in particular the multidrug-resistancerelated proteins (MRPs, ABCCs) 34 and the recently described breastcancer-resistance protein (BCRP, ABCG) [35] [36] [37] that may also be more important in conferring resistance in AML; (7) Mandated chemotherapy dose reductions in the ϩCsA group may have negatively effected the failure rate. Recent studies suggest that inhibition of MDR1 and MRP1 is not sufficient to suppress efflux of mitoxantrone and that suppression of BCRP 38, 39 is necessary to overcome mitoxantrone resistance in cell lines. Thus, MDR1 modulation may have only a modest effect on cellular efflux of this drug. It is also important to note that the nonsignificant but modest response to CsA treatment could be unrelated to drug efflux, as observed in a recent trial using CsA during induction therapy for adult patients. 40 In our study, CsA infusions sufficient to block MDR1 with prolonged serum or whole-blood concentrations of 3000 to 5000 ng/mL were relatively well tolerated. 30 Reversible hyperbilirubinemia occurred in most patients treated with CsA, but none suffered significant hepatic injury or veno-occlusive disease. Pharmacokinetic studies demonstrated the expected reduced clearance of mitoxantrone and etoposide in patients who received CsA, but the 40% reduction in drug dose led to no significant differences in the mean AUC for either drug between groups. In fact, there were no significant differences in myelosuppression or the rate of invasive bacterial infection between CsA and standard patients.
This study was originally designed to identify the effect on EFS of either intensive HDAT induction or P-gp modulation by CsA in consolidation. Excluding patients who underwent allogeneic BMT, the combination of experimental interventions (HDAT induction with CsA consolidation, treatment 4) (n ϭ 103) demonstrated a nonstatistically significant advantage in EFS compared to treatment 1 therapy (n ϭ 103), 40.4% Ϯ 5.6% versus 28.0% Ϯ 5.2% (P ϭ .03). A multiple testing procedure has been used, and the P value of .036 does not reach the level of statistical significance. Caution in overinterpreting this difference is also supported by a secular trend in the remission induction rates between treatments 1 and 2. Although both arms used standard-dose DAT, the CR rate for treatment 1 (84%) was less than that of treatment 2 (92%). In contrast to adult studies, where up to 71% of AML samples are positive for MDR1/P-gp in patients older than 60, only 2% of our pediatric AML specimens were strongly positive for P-gp expression, and another 12% showed low expression. Thus, P-gp expression is not a major factor for therapeutic response in the large majority of cases of pediatric AML. Modulation of P-gp function by CsA was of no apparent benefit in our AML patient population as a whole or for those patients who overexpressed P-gp. Intensified induction strategies and the concept of reversing chemotherapy resistance mediated by MDR1/P-gp only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From remain reasonable questions for future trials in both children and adults with AML.
